Introduction {#s0005}
============

Bud outgrowth is a morphogenetic feature shared by endodermal derivatives originating from the midline of the gut tube as the thyroid, lungs, liver and pancreas as well as organs that develop from the pharyngeal pouches as the thymus and parathyroids ([@bb0345; @bb0365]). Morphologically, these primordia first appear with similar dynamics and structural characteristics and it could consequently be anticipated that some basic developmental programs are conserved among them ([@bb0365]). Over the past few years a coherent picture of mechanisms regulating early morphogenesis of the liver and pancreas, which emerge as outgrowths from the posterior foregut, has started to form ([@bb0360]). In contrast, less is known about differentiation programs governing the development of derivatives from other foregut regions. In this context it is therefore interesting to investigate these processes in the thyroid and the lungs as they initially develop in proximity from the median portion of the anterior embryonic foregut. Both these organ primordia express the transcription factor Nkx2-1, which is the first evidence of fate decision of distinct subsets of endodermal cells towards a thyroid or lung fate ([@bb0165]). Indeed, Nkx2-1 deficient embryos display thyroid and lung agenesis as relatively isolated malformations in addition to a CNS phenotype ([@bb0155]). Also other murine models targeting the Shh and Fgf pathways underscore that some aspects of the development of these organs involve similar gene sets ([@bb0095; @bb0240]). However, even though thyroid and lung organogenesis is initiated with similar features and at approximately the same time, the ultimate result is organs with distinct structure, size and functions. The thyroid gland can first be distinguished in mouse embryos around embryonic day (E) 9 as a thickening of the anterior aspect of the ventral endoderm located close to the cardiac outflow tract. Around E10--10.5 these cells form a caudally directed bud that dissociates from the pharyngeal floor ([@bb0100]). The thyroid primordium thereafter migrates to its final position and starts to form primitive follicles. The lung buds emerge caudally to the thyroid and subsequently extend into the surrounding mesenchyme. In contrast to the thyroid, the lungs remain connected to the gut tube and undergo a highly conserved program of dichotomous branching to generate the respiratory tree ([@bb0210]).

The morphogenesis of these organs is sometimes perturbed. Defective embryonic development of the thyroid gland resulting in structural anomalies (athyreosis, ectopia, hypoplasia) collectively known as thyroid dysgenesis (TD), is a major cause of congenital hypothyroidism ([@bb0160]). This condition affects 1 of 3000 neonates, making it the most common disorder of the endocrine system in newborns ([@bb0065]). However, the underlying pathogenetic mechanisms are largely obscure. Even though findings from a number of murine gene knockout models have revealed the importance of transcription factors like Nkx2-1, Pax8, Foxe1 and Hhex for thyroid development ([@bb0080; @bb0155; @bb0190; @bb0195]) only few germ line mutations have been detected in the corresponding genes of human patients ([@bb0005; @bb0075; @bb0235]). This has led to hypotheses of a pathogenetic role of epigenetic alterations or early somatic mutations ([@bb0330]). The latter possibility is partly difficult to investigate. If early somatic mutations cause athyreosis by elimination of progenitor cells or prevention of differentiation, no tissue is amenable to genetic analysis. The only hitherto published case where somatic mutations have been analyzed in dysgenic (sublingual) thyroid tissue revealed no somatic mutations in Nkx2-1, Pax8 or Foxe1 ([@bb0315]). Interestingly, a number of nonrecurrent copy number variations have recently been identified in TD patients. Some of these encompassed genomic regions containing several genes. It has therefore been proposed that genomic mechanisms leading to TD are heterogeneous and that a broader outlook on genes that participate in the regulation of thyroid morphogenesis is needed ([@bb0320]). In the case of the lungs, several congenital anomalies have been described ([@bb0025; @bb0105]) but knowledge on candidate genes involved in their pathogenesis is still scarce ([@bb0070]).

In order to obtain insights into both the common and the diverse, organ specific mechanisms responsible for lung and thyroid morphogenesis, we have sought to compare their gene expression patterns in early development. To that end we have combined isolation of mRNA from primordial cells by laser capture microdissection (LCM) with microarray analysis and compared the transcriptional landscape of the thyroid and lung buds at the earliest stages of morphogenesis. The results obtained provide a valuable resource to further characterization of individual genes, sets of genes and signaling pathways that may determine organogenesis of the thyroid and lungs as well as be involved in the pathogenesis of dysgenetic conditions. As a proof of concept we show two novel features emerging from this analysis. The first is that Foxa2, previously considered as a pan-endodermal transcription factor ([@bb0010; @bb0225]), is specifically excluded from the thyroid bud, while being present in the lung. The second is the high expression of the anti-apoptotic gene Bcl2 in the thyroid bud, where it is controlled by the thyroid enriched transcription factor Pax8. In the absence of Pax8 an apoptotic pathway is activated demonstrating a previously unrecognized role of apoptotic vs. anti-apoptotic factors in thyroid organogenesis.

Materials and methods {#s0010}
=====================

Mice {#s0015}
----

Animals were kept in an animal house under controlled conditions of temperature, humidity, and light and were supplied with standard food and water ad libitum. All animal experiments were performed in accordance with regulations and guidelines of Italy and the European Union and were approved by the local ethical committee. Wild-type C57/Bl6 and CD1 mice were purchased from Charles River Laboratories (Calco, LC, Italy). *Pax8* null mice (Pax8^−/−^) have been described previously ([@bb0190]). *Pax8*^*Cre/Floxed*^ is a conditional knockout strain obtained by crossing *Pax8*^*Cre/+*^ mice, expressing the Cre recombinase gene under the control of the endogenous *Pax8* locus ([@bb0030]), with *Pax8*^*Floxed/+*^ mice, which carry a mutated *Pax8* allele where exons 3 and 4 are flanked by LoxP sequences. Detailed information on the generation and characterization of the conditional *Pax8* knockout strain will be detailed elsewhere (Marotta, De Felice and Di Lauro, unpublished results).

Embryo dissection and embedding for LCM {#s0020}
---------------------------------------

E10.5 embryos were obtained by crossing wildtype C57BL/6 mice. Embryonic age (E) was calculated by considering the morning when a vaginal plug was detected as E0.5. Embryos were dissected on ice under aseptic conditions in cold DEPC treated phosphate-buffered saline (pH 7.2) (PBS-DEPC). After cryoprotection in 30% sucrose in PBS-DEPC (overnight at 4 °C), embryos were embedded in OCT compound (Sakura, Zoeterwoude, the Netherlands) and stored at − 80 °C.

Laser capture microdissection (LCM) {#s0025}
-----------------------------------

Tissue sections (8 μm) were cut on a cryostat (Leica Microm HM 500 M, Wetzlar, Germany) on polylysine slides (Menzel-Gläser, Braunschweig, Germany), stored on dry ice (\< 1 h) and stained with eosin (70% ethanol 30 s, dH~2~O DEPC 20 s, 70% ethanol 20 s, 95% ethanol 20 s, eosinY 2 s, 95% ethanol 10 s, 95% ethanol 10 s, 100% ethanol 30 s, 100% ethanol 60 s, xylene 5 min, drying 5 min). LCM was performed immediately thereafter using the PixCell II system (Arcturus Engineering, Santa Clara, CA) under a 20× objective (laser spot size 7.5 μm, output power 100 mW, pulse duration 1.5 ms). Thyroid and lung buds from three pools of 5--7 embryos each were captured on thermoplastic CapSure HS caps (Arcturus).

RNA isolation, amplification and labeling {#s0030}
-----------------------------------------

Total RNA from cells obtained by LCM was isolated using the PicoPure RNA isolation kit (Arcturus). To obtain RNA from whole embryos, three pools of three wild type embryos each were lysed in TRIZOL (Invitrogen, Carlsbad, CA) and total RNA was purified with the QIAGEN RNeasy kit (Qiagen, Hilden, Germany). RNA quality and integrity was determined by an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) on RNA Pico Chips (Agilent Technologies). RNA integrity numbers (RIN) were \> 7 indicating high RNA quality. All biological replicates were normalized to the same input amount of total RNA (13 ng). Three biological replicates of labeled cRNA from whole embryos, thyroid and lung buds were obtained by two rounds of in vitro transcription-based linear amplification using the Two-Cycle Target Amplification and Labeling kit (Affymetrix, Santa Clara, CA) according to manufacturer\'s instructions with the modification of 1 μg of RNA-binding protein T4 (Gp32) being added during first strand cDNA synthesis to increase accessibility of the mRNA template to the reverse transcriptase and reduce formation of higher order RNA structures ([@bb0270])*.* cRNA quality, size-distribution and quantity were analyzed by an Agilent 2100 Bioanalyzer.

Sample hybridization and microarray data analysis {#s0035}
-------------------------------------------------

Biotinylated cRNA was hybridized Mouse 430 2.0 Genome Arrays (Affymetrix), containing over 39,000 genes and open reading frames from *Mus musculus* (genome databases GenBank, dbEST and RefSeq). Chips were scanned on the Affymetrix Complete GeneChip® Instrument System, generating digitized image data (DAT) files. DAT files were analyzed with AGCC (Affymetrix) producing CEL files. Robust multichip average (RMA) normalization ([@bb0135]) and data analysis were performed using GeneSpring 11.0.2 (Agilent Technologies). To assess the reproducibility of RNA amplification, three different input amounts of total RNA from a pool of three E10.5 WT embryos were amplified, labeled and hybridized to arrays as described above. Scatter plot comparisons of gene expression levels of amplified cRNA from different RNA input confirmed a high degree of reproducibility (data not show).

The bioB probeset is a control hybridization spike added into the hybridization cocktail, independent of RNA sample preparation at a concentration approximating one RNA molecule (1.5 pM). An expression value below the bioB value is thus considered to indicate absence of gene expression ([@bb0185]) and probesets overcoming the bioB expression value were called present. Differentially expressed probesets (DEps) between organ buds and whole embryos were filtered for fold change ≥ 3. Statistical analysis was performed using an unpaired *T*-test, with *p* ≤ 0.05. DEps were sorted as "up" or "down" regulated. Each group of upregulated probesets was filtered for presence calls to obtain lists of probesets enriched in thyroid or lung buds as compared to the whole embryo. These lists were further cross-analyzed to generate the intersection (common genes) and the union (pool) of the enriched bud transcriptomes. Functional annotation was performed by Gene Ontology (GO) focused on Biological Process terms. Enriched GO terms (i.e. terms with a significantly higher than expected number of associated genes) were filtered (*p* ≤ 0.05) by the hypergeometric test and corrected using False Discovery Rate (FDR) ([@bb0020]). For the pool of genes (union), the enriched GO categories were organized according to DAVID ([@bb0090]) and the first two levels were plotted. The array data reported in this paper have bee deposited in ArrayExpress with ID E-MEXP-3133.

In situ hybridization {#s0040}
---------------------

E10.5 embryos from matings of wildtype CD1 mice were fixated in 4% paraformaldehyde (overnight, 4 °C), cryoprotected in 30% sucrose in PBS (overnight, 4 °C), embedded in OCT (Sakura), quick-frozen over dry ice/ethanol slurry and stored at − 80 °C. Frozen sections (10 μm) were obtained as described above on Superfrost slides (Mentzel Gläser). Templates for riboprobes were generated by PCR from commercially available plasmids (Open Biosystems Huntsville, Alabama or Gene Service Cambridge, UK) or from cDNA obtained by reverse transcription of mRNA from E10.5 mouse embryos using forward and reverse primers extended at their 5′ ends with either T7 or SP6 promoter sequences (T7, GGATTTAATACGACTCACTATAGGGAGA; Sp6, CGATTTAGGTGACACTATAGA) (see [Supplemental information](#ec0005){ref-type="supplementary-material"}), following a protocol from the GenePaint consortium (<http://www.genepaint.org>) (7 min initial template denaturation at 95 °C, 35 cycles with 1 min denaturation (95 °C), 1 min primer annealing (52--68 °C), 1 min elongation (72 °C), final elongation for 7 min at 72 °C). The resulting PCR products were resolved on agarose gels and desired bands excised and purified using the QIAGEN gel extraction kit (QIAGEN). After PCR reamplification products were purified using QIAquick PCR purification kit (QIAGEN), analyzed on an agarose gel and verified by sequencing. Nkx2.1 antisense riboprobe was a 625 bp fragment derived from the 3′ non-translated region of the Nkx2.1 cDNA (bp 1694--2319) ([@bb0120]). Digoxygenin-labeled riboprobes (sense and antisense) were obtained using a DIG-labeling RNA kit (Roche Diagnostics Basel, Switzerland) following the manufacturer\'s instructions. In situ hybridization of frozen sections was performed following the protocol described by [@bb0170]. No signal was detected with the sense riboprobes (not shown). Images were obtained using an Axioplan2 microscope equipped with an Axiocam digital camera (Zeiss, Oberkochen, Germany). Images were processed using the Axion Vision software and Image J software.

Immunofluorescence {#s0045}
------------------

10 μm thick frozen sections were collected on polylysine glass slides (Menzel-Gläser). After permeabilization in 0.1% Triton X-100 in PBS for 20 min, sections were incubated in blocking buffer (PBS with 2% normal donkey serum (Jackson ImmunoResearch, Jacksonville, MI)) for 1 h at room temperature followed by overnight incubation at 4 °C with primary antibodies (rabbit pAbs against Nkx2-1 ([@bb0165]), Foxa2 (Seven Hills Bioreagents, Cincinnati, OH), Bcl2 (BD Pharmingen, San Diego, CA), Caspase-3 (Cell Signaling Technologies, Beverly, MA), rat mAb against E-cadherin (Calbiochem Merck KGaA, Darmstadt, Germany)) diluted in PBS with 2% normal donkey serum. Secondary antibodies (Rhodamin RedX conjugated donkey anti-rabbit, FITC conjugated donkey anti rat (Jackson Immunolabs, West Grove, PA) were added in blocking buffer for 60 min at room temperature. All incubation steps were separated by washing in 0.1% Triton X-100 in PBS for 3 × 5 min. Images were obtained in a Zeiss AttoArc II epifluorescence microscope or a Bio Radiance 2000 Laser Scanning Microscope.

TUNEL assay {#s0050}
-----------

Thyroids dissected from 1-month old mice were fixed overnight at 4 °C in 4% paraformaldehyde in PBS, dehydrated, cleared in xylene and embedded in paraffin blocks. For TUNEL staining the In Situ Cell Death fluorescent kit (Roche Diagnostic, Mannheim, Germany) was used, following the manufacturer\'s instructions. Briefly, 4 μm thyroid sections were dewaxed, hydrated and incubated for 8 min in a 0.1% Triton X-100, 0.1% sodium citrate solution. Subsequently, 50 μL of TUNEL reaction mixture was added to each section and the slides were incubated for 60 min at 37 °C. Sections were counterstained with DAPI before mounting. Microscopy and imaging were performed in a Zeiss AxionPlan II epifluorescence (FluoArc) Microscope. Images were processed using Axion Vision software and the Image J software.

Results and discussion {#s0055}
======================

Establishing the transcriptomes of the thyroid and lung primordia {#s0060}
-----------------------------------------------------------------

The global transcriptome of organs that form as outgrowths from the anterior foregut at a stage as early as E10.5 has to the best of our knowledge not been described before as the organ primordia are not amenable to manual dissection. To overcome this limitation we have successfully combined LCM with microarray analysis of mRNA expression. The thyroid and lungs are both derived from the ventral aspect of the anterior endoderm. At E9.5 the specified organ anlagen can be distinguished as neighboring regions of the foregut epithelium that express the transcription factor Nkx2-1 ([Fig. 1](#f0005){ref-type="fig"}A). However, by morphological criteria alone it is difficult to precisely delimit the progenitor areas at this early stage. One day later, at E10.5, the developing thyroid has formed a caudally directed bud that is closely apposed to the cardiac outflow region. At the same stage outgrowth of the right and left lung buds is evident and these are surrounded by concentrically arranged layers of mesenchymal cells whereas further dichotomous branching has not yet occurred ([@bb0210]) ([Figs. 1](#f0005){ref-type="fig"}B and C). Thus, since it is possible to unambiguously recognize thyroid and lung buds at this stage by routine eosin staining of frozen sections, selective isolation of epithelial populations by LCM was carried out, without a need of prior immunostaining of specific organ markers. The precision and selectivity of the microdissection was subsequently confirmed by in situ hybridization experiments (see below).

To define the gene expression profile of the developing thyroid and lung, RNA obtained from 5 to 7 pooled buds was amplified, labeled and hybridized to Affymetrix MOE430 mouse whole genome arrays. In parallel, a comparable amount of RNA, extracted from whole embryos at the same developmental stage, was amplified and hybridized to arrays as described above. These procedures yielded 9650 and 9706 probe sets hybridizing to thyroid and lung buds RNA, respectively, and 11,532 probe sets hybridizing to whole embryo RNA (see [Fig. 2](#f0010){ref-type="fig"}). Statistical validation and filtering of the signals were carried out as described in the [Materials and methods](#s0010){ref-type="sec"} section. In the following we will refer to these transcriptome sets as TBT (Thyroid Bud Transcriptome), LBT (Lung Bud Transcriptome) and WET (Whole Embryo Transcriptome) (see [Supplementary file 1](#ec0010){ref-type="supplementary-material"}).

Whereas LCM has been widely employed to isolate neoplastic cells, a much smaller number of studies have applied this technique on embryonic primordia ([@bb0035; @bb0045; @bb0200; @bb0260; @bb0285]). Furthermore, most reports have focused on a limited and predefined number of mRNA species whereas fewer have combined LCM with microarray analysis. By an interesting alternative approach to LCM, Gu et al have characterized the transcriptome of the developing mouse pancreas at E10.5 by manually dissecting the pancreatic region from Pdx1-GFP reporter embryos. Cells have then been dissociated and sorted by FACS to remove contaminating mesenchyme ([@bb0115]). By a similar strategy Sherwood et al have manually dissected organ primordia (esophagus, lung, stomach, liver, pancreas, intestine) in wild type embryos at E11.5 and subsequently isolated endodermal cells from the mesenchyme by flow cytometric sorting of EpCAM positive cells ([@bb0295]). Regardless of the method employed a major technical hurdle has been the limited amount of RNA that is obtained which requires amplification of RNA to allow for successful microarray analysis.

Identification of genes enriched in the thyroid and lung buds {#s0065}
-------------------------------------------------------------

To find candidates genes of specific relevance in regulation of thyroid and lung development, we focused further attention on transcripts with a high relative expression in each bud. To this end we compared the expression level of each transcript in either TBT or LBT with that in the WET and sorted out transcripts with an expression level, in either bud, at least 3-fold higher than that in the whole embryo. Hereafter we will refer to them in short as "enriched genes". A similar strategy was recently employed to study the transcriptome of the temporomandibular joint and find novel developmental regulators ([@bb0260]). By this procedure we detected 700 probe sets (representing 553 genes) enriched (FC \> 3) in the thyroid bud (defined as Thyroid Bud Enriched Genes, TBEG) and 344 probe sets (287 genes) enriched in the lung bud (defined as Lung Bud Enriched Genes, LBEG). Since some of these transcripts are common to both organs as the union of the two sets (Thyroid and Lung Bud Enriched Genes, TLBEG) consisted of 910 probesets (840 genes) (see [Supplementary file 2](#ec0015){ref-type="supplementary-material"}).

A potential pitfall of this approach lies in the comparison of entirely epithelial organ primordia to the entire embryo that is a mixture of all three germ layers. This is likely to cause a bias towards finding an enrichment of general epithelial determinants in addition to organ specific transcripts. However, by comparing the datasets of enriched genes in the thyroid and lung buds, common epithelial denominators can be sorted out as well as those that might contribute more specifically to the development of each organ. Indeed, we found that 134 enriched probe sets (113 genes) were common to both primordia (Thyroid and Lung Common Enriched genes, TLCEG) whereas 566 probe sets (455 genes) were specific to the thyroid (Thyroid Enriched Genes Not Lung, TEGNoL) and 210 probe sets (179 genes) to the lung (Lung Enriched Genes Not Thyroid, LEGNoT) (see [Supplementary file 3](#ec0020){ref-type="supplementary-material"}). [Fig. 2](#f0010){ref-type="fig"} depicts a flowchart of the general strategy for generating and comparing these sets of transcripts. Since several genes were identified by more than one probeset, for the remainder of this paper we will refer to genes and not probesets, considering the probeset with the highest fold difference (FC) as compared to the WET for each gene.

In both TBEG and LBEG a strong enrichment was noticed of key epithelial markers like Cdh1 (E-cadherin; thyroid FC 14, lung FC 9) and EpCAM (Epithelial Cell Adhesion Molecule; thyroid FC 8, lung FC 7) (see [Table 3](#t0015){ref-type="table"}), which is furthermore specific to the endoderm ([@bb0300]). On the contrary, no signal was present for the endothelial antigen Cd34 ([@bb0355]) or for markers of embryonic mesenchyme like Pdgfrα (Platelet derived growth factor receptor-α) ([@bb0245]), Mest (Mesodermal specific transcript) ([@bb0280]) and Cdh11 (OB-cadherin) ([@bb0310]) even though they were all abundant in the WET. This suggests that no significant contamination of adjacent non-epithelial cells occurred during the LCM procedure.

Genes enriched in the E 10.5 thyroid bud {#s0070}
----------------------------------------

Of 455 genes present in TEGNoL, 72 displayed a FC \> 10 and the top entries are listed in [Table 1](#t0005){ref-type="table"}. Among these are well-established key regulators of thyroid development like Hhex (FC 87) and Pax8 (FC 42) ([@bb0255]). Foxe1, considered to be a signature transcription factor of the embryonic thyroid, is absent in TEGNoL, as no Foxe1 probesets were present on the arrays. At E10.5 the thyroid bud is surrounded by mesenchyme ([Fig. 1](#f0005){ref-type="fig"}B), presumed to be mainly of neural crest origin ([@bb0145]). No neural crest markers like Gja1 (connexin43) ([@bb0180]), tcfap2a (AP-2) ([@bb0220]) or Twist ([@bb0110]) were present in the TBT, whereas strong signal levels were detected in the WET. This suggests that no contamination of mesenchymal cells of mesodermal (see above) or neural crest origin occurred during LCM isolation of the thyroid bud.

For further validation, 10 genes representing a broad range of FC values and biological functions (receptors, enzymes, ion channels, transcription factors and morphogens) were selected and their expression was investigated by ISH ([Fig. 3](#f0015){ref-type="fig"}). All of these showed distinct signals in the thyroid bud. As expected, no expression of these genes was seen in the lung bud epithelium and only restricted regions of the embryo outside the thyroid anlage showed a positive signal, confirming the validity of the list of enriched genes. For example, Slc16a2/Mct8, a thyroid hormone transporter, was present also in a restricted region of the telecephalon (not shown), whereas Cxcl12 was abundant in the mesenchyme adjacent to the developing heart ([Fig. 3](#f0015){ref-type="fig"}S). The expression of Tbx3 is particularly intriguing, since it was found in the mandibular component of the first pharyngeal arch (not shown) and also highly expressed in the mesenchyme surrounding the lung bud and trachea ([Fig. 3](#f0015){ref-type="fig"}P) whereas the lung bud epithelium itself is negative, consistent with previous findings ([@bb0060]). This finding also underscores that LCM was performed with high selectivity, given that Tbx3 was not present among the lung enriched genes (see below). Furthermore, the striking juxtaposition of Tbx3 expressing mesenchyme to Tbx3 negative epithelium strongly suggests a role for this transcription factor in mesenchyme--endoderm interaction.

Bcl2 is strongly accumulated in the developing thyroid and is regulated by Pax8 {#s0075}
-------------------------------------------------------------------------------

Among the genes with the strongest accumulation in the thyroid bud is the anti-apoptotic regulator Bcl2 (FC 45) ([@bb0040]). In situ hybridization and immunofluorescence staining confirmed the strong expression of this gene and its protein product in the thyroid primordium at E10.5 ([Figs. 4](#f0020){ref-type="fig"}B and C) in contrast to other endodermal regions (data not shown). In Pax8 deficient embryos the thyroid is specified and bud formation takes place. However, the thyroid thereafter regresses by a yet uncharacterized mechanism that has been suggested to involve an increased rate of apoptosis ([@bb0255]). This prompted us to investigate if expression of Bcl2 is altered in *Pax8* null embryos. In accordance with previous studies, the thyroid bud was found to be smaller and misshapen at E10.5 in the absence of Pax8. Whereas the expression of Nkx2-1 is unaffected ([Fig. 4](#f0020){ref-type="fig"}D), Bcl2 transcripts are virtually undetectable in the thyroid bud of mutant embryos ([Fig. 4](#f0020){ref-type="fig"}E), in contrast to control littermates. Also Bcl2 protein expression is clearly reduced ([Fig. 4](#f0020){ref-type="fig"}F), indicating that Bcl2 expression in the thyroid bud depends on Pax8. In agreement with this is the finding that Pax8 is able to bind and transactivate the Bcl2 promoter in vitro ([@bb0125]). As a reduction of Bcl2 levels may negatively affect cell survival, the presence of apoptotic cells was investigated by staining for activated effector caspase-3. Whereas no positive cells were noticed in wild type thyroid primordia, scattered apoptotic cells were consistently seen in the thyroid buds of Pax8 deficient embryos at E11.5, indicative of an increased apoptotic rate ([Figs. 4](#f0020){ref-type="fig"}G and H). Interestingly, widespread apoptosis was evident at 1 day after birth in mice where Pax8 is conditionally ablated in the thyroid, confirming the role of Pax8 in controlling survival in both thyroid progenitors and follicular cells ([Figs. 4](#f0020){ref-type="fig"}I and J). Pax genes, chiefly those of the Pax2/5/8 class, have previously been found to control apoptosis and a cooperative role of Pax2 and Pax8 has been described in kidney development ([@bb0370]). Our data strongly suggest that Pax8 controls cell survival in the thyroid during development by positive regulation of Bcl2 expression, thus blocking apoptosis. Interestingly, two Pax2/5/8 proteins promote cell survival in *C. elegans* by transcriptional regulation of *ced-9*, the *Bcl2* ortholog ([@bb0250]). Furthermore we show that this role of Bcl2 is likely organ specific within the foregut, since the thyroid bud shows very high levels of Bcl2, in contrast to the neighboring lung bud. Most importantly, the presence of high levels of Bcl2 controlled by Pax8 at the very beginning of thyroid organogenesis suggests a scenario of a death pathway ready to ensue in the developing thyroid that is kept under control by a tissue-specific circuit leading to high expression of an anti-apoptotic facor. It is conceivable that such a complex regulation might be in place to ensure prompt removal of precursors if subsequent steps, such as differentiation, fail to proceed properly. Thyroid development has not been studied in detail in Bcl2 deficient mice even though a structurally intact thyroid gland has been reported ([@bb0335]). This suggests that absence of Bcl2 alone is not sufficient to shift the balance of cell survival towards apoptosis in thyroid progenitor cells. Hypothetically, Pax8 might repress the expression of proapoptotic regulators by yet unknown mechanisms in addition to positive regulation of Bcl2 transcription.

Genes enriched in the E10.5 lung bud {#s0080}
------------------------------------

Of 179 genes present in the LEGNoT, 43 displayed a FC \> 10 ([Table 2](#t0010){ref-type="table"}). Among these are several genes that are known to be abundant in distal tip epithelium and govern budding morphogenesis of the lung. These include Etv5 (FC 24), Foxa2 (FC 21), Foxa1 (FC 16), Wnt7b (FC 16), Elf5 (FC 13), Shh (FC 6), Bmp4 (FC 4) and Spry2 (FC 4), reviewed in [@bb0230]. On the contrary, genes that are known to be restricted to the surrounding mesenchyme like Fgf10, Foxf1 and Tbx3 ([@bb0230]) are not present, further indicating that only lung bud epithelium was isolated by LCM. However, also many genes that are not before known to be strongly enriched in the lung buds were detected. As further proof of principle we validated the expression of one such gene, Crfl1 (FC 20), by ISH and found a strong signal in the lung bud whereas no signal was present in the thyroid ([Fig. 5](#f0025){ref-type="fig"}).

We noticed a strong enrichment of Foxa2 expression (FC 21) in the lung bud, as was anticipated given that Foxa2 is generally considered to be a ubiquitous marker of the endoderm lineage ([@bb0010; @bb0225]). Surprisingly, no significant transcript levels were detected in the thyroid. This finding was confirmed by immunofluorescence staining that showed nuclear Foxa2 to be abundant in the lung bud ([Fig. 6](#f0030){ref-type="fig"}B) as well as other known expression domains like the floor plate and notochord (not shown). In contrast, no signal could be detected in the developing thyroid ([Fig. 6](#f0030){ref-type="fig"}D). It was recently shown that Nkx2.1 and Foxa1/Foxa2 physically interact in a DNA independent manner, which may either inhibit or augment the transcription of target genes in lung epithelial cells ([@bb0215]). The current finding of a lack of Foxa1/Foxa2 expression already at early stages of thyroid development may provide an explanation, at least in part, of how Nkx2-1 differentially regulates its target genes in the developing thyroid and lung.

Foxa1 and Foxa2 are also involved in an intricate signaling network governing bud formation and branching morphogenesis in early lung development. Primary bud outgrowth is driven by Fgf10 from the mesenchyme signaling via FgfrIIb ([@bb0085; @bb0290]). In embryos deficient of these genes early lung morphogenesis fails to proceed indicating the fundamental importance of this signaling system in primary bud formation. Interestingly, also the thyroid gland is lacking in embryos deficient of Fgf10 signaling, suggesting that this mechanism of primary bud outgrowth is conserved between the thyroid and lung ([@bb0240]). Sox2 that is negatively regulated by Fgf10 ([@bb0265]) is downregulated at the sites of nascent thyroid and lung bud formation in chicken embryos ([@bb0140]), supporting the notion of mechanistic conservation. Further bud development in the lung is determined by an intricate signaling network where distally expressed genes like Spry2, BMP4, Shh, Foxa1, Foxa2, and wnt7b provide negative and positive signals to adjust the budding morphogenetic program ([@bb0050; @bb0230]). Indeed, we find all these genes to be strongly enriched in the lung but not in the thyroid bud ([Tables 1, 2](#t0005 t0010){ref-type="table"} and [Supplemental information](#ec0005){ref-type="supplementary-material"}). It thus seems that even if some basic mechanisms of primary bud development are common to both organs, such as the involvement of Fgf signaling, the key genetic networks in further development rapidly diverge.

Previous studies confirm that also several of the transcription factors we find to be enriched in the lung bud at E10.5 ([Table 2](#t0010){ref-type="table"} and [Supplemental information](#ec0005){ref-type="supplementary-material"}) are indeed expressed in the distal bud epithelium and regulate lung morphogenesis. Whereas Etv5 ([@bb0175]), Elf5 ([@bb0205]), Foxp1/Foxp2 ([@bb0305]), Irx1/Irx2 ([@bb0325]), and Gata6 ([@bb0150]) regulate different aspects of lung development, deficiency of other transcription factors (Hnf1b, Foxa2) results in embryonic lethality at early stages preceding lung bud outgrowth. The global transcriptome of the lung buds at such early development as E10.5 has to the best of our knowledge not previously been described. In a study focusing of transcription factors in foregut derivatives at E11.5, an exclusive expression of Foxp2 and Irx1 was found in the developing lungs. Also the transcription factors Etv5, Gata6, Hoxa1, Hoxb5, Irx2/Irx3/Irx5, Jun, Sox9, Sp5 and Trps1 were accumulated in the developing lung ([@bb0295]). Interestingly, we detect a significant enrichment (FC \> 3) in 9 of these 13 transcripts (not Hoxb5, Irx3/Irx5, Trps1) in lung buds already at E10.5 (see [Table 2](#t0010){ref-type="table"} and [Supplemental information](#ec0005){ref-type="supplementary-material"}). At this stage some degree of proximodistal differentiation of cells along the developing respiratory tree is evident with Sox2, netrin1 and netrin4 expression in proximal cells whereas Sox9 and Id2 are confined to distal buds ([@bb0230]). Indeed, we find a strong enrichment of the distal markers Sox9 and Id2 in LCM dissected E10.5 lung buds but none of the proximal markers. This indicates that our data truly reflect the transcriptome of developing lung endoderm that is committed to a distal fate. The membrane proteins Sema4f, Slc15a2 and Unc5b are selective markers of the lung bud lineage as compared to other endodermal derivatives at E11.5 ([@bb0295]). Also at E10.5 we find Sema4f and Slc15a2 among the most highly enriched transcripts of the lung bud ([Table 2](#t0010){ref-type="table"}). However, Unc5b shows a similar level of enrichment in the thyroid and lung buds and is therefore not exclusive to the lung lineage (see [Supplemental information](#ec0005){ref-type="supplementary-material"}). Taken together, the highly conserved expression pattern of transcription factors and surface markers in our study at E10.5 when compared to published data at E11.5 strongly supports a high validity of our characterization of the lung lineage transcriptome at the earliest stage described so far.

Genes common to the developing thyroid and lung {#s0085}
-----------------------------------------------

Many components of tight junctions (Cldn3, Cldn6, Cldn7), adherens junctions (Cdh1, Cdh16) and desmosomes (Eppk1, Dsg2) are found among the 113 genes present in TLCEG ([Table 3](#t0015){ref-type="table"}). The expression of several genes in this category in either or both organ buds has previously been demonstrated. Additionally, we validated by ISH the expression of Tle2, Cldn3 and Npnt in both epithelial buds ([Fig. 7](#f0035){ref-type="fig"}). Cldn3 (thyroid FC 15, lung FC 13) was abundant in both primordia. The signal for the other two transcripts was evident in the thyroid (Tle FC 17, Npnt FC 7) but faint in the lung bud, which also had a lower enrichment of these genes (Tle FC 5, Npnt FC 4).

Apart from Hhex we find only three additional transcription factors (Foxo3, Grhl2, jun) to be enriched in both the thyroid and lung buds (see [Supplemental information](#ec0005){ref-type="supplementary-material"}). Even though the Foxo3 expression encompasses wider regions than only the thyroid and lung, mice deficient of this transcription factor are viable and grossly normal whereas they develop ovarian failure and secondary infertility ([@bb0055]). This suggests that other members of the large Fox family of transcription factors are able to functionally compensate in other organs. Also Grhl2 that is indeed strongly expressed in the developing lung seems to be more widespread in endodermal regions as well as in ectodermal cells ([@bb0015]). This is reflected by the drastic phenotype with neural tube and facial closure defects in Grhl2 deficient embryos that are not viable beyond E11.5 ([@bb0275]). In keeping with the notion of a more general function in epithelial cells is the recent finding that Grhl2 is a transcriptional activator of epithelial cell--cell junction components E-cadherin and Cldn4 ([@bb0350]), both of which are enriched in the E10.5 thyroid and lung buds. C-jun is also expressed in a wide range of organs during development and null mutants die at midgestation with increased apoptosis in the liver and cardiac anomalies ([@bb0130]). Taken together, apart from Hhex and Nkx2-1, the transcription factors that we find in TLBEG seem to be primarily involved in generic developmental processes as the acquisition of an epithelial phenotype rather than specifically related to the emergence of midline foregut derivatives. For Nkx2-1 no hybridization signal could be detected either with thyroid or lung RNA, even though corresponding probesets are present on the arrays. This is in contrast to the well established presence of Nkx2-1 mRNA in both thyroid and lung and cannot presently be explained. Speculatively, this could be due to an alternative 3′ end of the Nkx2-1 RNA early in embryogenesis.

In silico validation of the identified gene set {#s0090}
-----------------------------------------------

Publicly available images of ISH gene expression patterns from serial sections of E14.5 mouse embryos are available in the GenePaint database ([www.genepaint.org](http://www.genepaint.org); Max Planck Institute, Hannover) ([@bb0340]). In an attempt to broadly validate expression of genes highly enriched in the E10.5 mouse thyroid or lung buds also at a later stage of embryonic development (E14.5), images in the GenePaint database of genes with a FC \> 10 were evaluated. For approximately 70% of the genes images were available (thyroid 72%, lung 75%). It could be anticipated that strong expression for a number of genes in any set is due to chance alone rather than to true enrichment of organ specific genes in the lists. The expression patterns of 100 randomly selected genes were therefore also analyzed in the developing thyroid and lung. For 66% of these, images could be retrieved from the database and analyzed. The percentage of genes showing strong enrichment (defined as a signal in the thyroid or lung primordia that is either the strongest in the embryo or stronger than that seen in the liver, heart, brain or mandibular mesenchyme representing, respectively, derivatives of endoderm, mesoderm, ectoderm or neural crest) in the organ buds is shown in [Fig. 8](#f0040){ref-type="fig"}. For both the TBEG and LBEG sets the percentage of genes with a strong accumulation is clearly higher than in the cohort of randomly picked genes. This further demonstrates that our approach has identified a highly enriched and organ specific transcriptome of the embryonic primordia and that the expression of some of these genes persists also in later development.

To broadly characterize the lists of genes enriched in the developing thyroid and lung on a functional level, the genes present in the TLBEG list were grouped in Gene Ontology (GO) categories of biological processes. [Fig. 9](#f0045){ref-type="fig"} shows that the distribution of TLBEG genes displays a significant enrichment in categories correlated with developmental processes. Thus, our procedure identified, as we anticipated, genes that are likely to contribute to the developmental fate of both the thyroid and lung bud.

Conclusions {#s0095}
===========

We have shown in this paper the gene expression profiles of two endodermal buds, thyroid and lung, at an early developmental stage. A comparison of such transcriptomes with the one obtained with total embryo RNA, identifies genes that by several criteria are likely to be involved in further development of the two buds studied here. This will provide a fertile ground for further characterization of genes and mechanisms that are associated with the pathogenesis of congenital defects of the thyroid and lungs. Furthermore, this study highlights the relevance of a regulatory circuit converging on the anti-apoptotic gene Bcl2, suggesting a novel role for the apoptotic process in thyroid development.
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![A. Anterior foregut region at E9.5. The thyroid and lung primordia can be distinguished as discrete regions of the ventral endoderm expressing Nkx2-1, located in close vicinity of the developing heart. B. At E10.5 the thyroid primordium forms a caudally directed bud that is closely apposed to the aortic sac. C. The lung buds at E10.5 form hollow, blind-ended epithelial tubes surrounded by concentric layers of mesenchyme. Sagittal sections. As, aortic sac; h, heart; lu, lung primordium; th, thyroid primordium; ve, ventral endoderm. Scale bars = 100 μm in A, 75 μm in B and C.](gr1){#f0005}

![Schematic outline of the general strategy for finding genes with enriched expression in the developing thyroid and lung at E10.5. First, levels of transcripts that are expressed (i.e. overcoming bioB filtering, see [Materials and methods](#s0010){ref-type="sec"} section) in thyroid (Thyroid Bud Transcriptome, TBT) and lung buds (Lung Bud Transcriptome, LBT) dissected by LCM are compared to the corresponding one in the whole E10.5 embryo (Whole Embryo Transcriptome, WET). In this way enriched genes, i.e. those with a level of expression at least 3-fold over that in the whole embryo are identified, forming two discrete sets of transcripts; genes enriched in the thyroid bud (Thyroid Bud Enriched Genes, TBEG) and genes enriched in the lung buds (Lung Bud Enriched Genes, LBEG). When these sets are compared some genes are common to both organs (Thyroid and Lung Common Enriched Genes, TLCEG), whereas others are exclusive to either the thyroid (Thyroid Enriched Genes Not Lung, TEGNoL) or the lung (Lung Enriched Genes Not Thyroid, LEGNoT). The union of these sets constitutes a pool of genes expressed in either or both organs (Thyroid and Lung Bud Enriched Genes, TLBEG).](gr2){#f0010}

![In situ hybridization validation of thyroid bud enriched genes at E10.5. A, B. RIKEN cDNA 4930426D05 gene. C, D. Interferon inducible GTPase 1. E, F. Prolactin receptor. G, H. B-cell leukemia/lymphoma. I, J. Stanniocalcin 2, K, L. Sorbin and SH3 domain containing 2. M, N. Solute carrier family 16 (monocarboxylic acid transporters), member 2; Monocarboxylate transporter 8. O, P. T-box 3. Apart from strong accumulation in the thyroid bud prominent expression also is seen in the mesenchyme surrounding the lung bud. Q, R. Solute carrier family 4 (anion exchanger), member 4. S, T. Chemokine (C-X-C motif) ligand 12. Strong enrichment is seen in the thyroid bud as well as in the surrounding mesenchyme. Sagittal sections. Lung bud epithelium is outlined by dotted lines. Scale bar = 75 μm.](gr3){#f0015}

![Pax8 controls expression of Bcl2 and apoptosis in the thyroid. A--C. In Pax8 heterozygous embryos, expression of Nkx2-1 and Bcl2 transcripts (A, B) as well as Bcl2 protein (C) is abundant. D--F. Whereas Nkx2-1 transcripts (D) are unaffected in Pax8 deficient embryos, levels of Bcl-2 transcripts (E) and protein (F) are strongly downregulated. G, H. In contrast to control embryos (G), scattered caspase-3 positive cells are seen in the thyroid bud of E11.5 Pax8 deficient embryos (H). I, J. In newborn mice TUNEL positive apoptotic cells are absent in control pups (I) but abundant in the thyroid gland when Pax8 has been conditionally deleted (J). Sagittal sections. Scale bar = 75 μm.](gr4){#f0020}

![In situ hybridization validation of cytokine receptor-like factor 1 expression in the thyroid (A) and lung (B) buds of E10.5 embryos. Sagittal sections. Thyroid bud epithelium is outlined by dotted lines. Scale bar = 75 μm.](gr5){#f0025}

![Foxa2 is not expressed in the developing thyroid gland. Nkx2-1 is strongly expressed in the thyroid (A) and lung (C) primordia at E11.5. In contrast, Foxa2 expression is seen only in the lung (B) but not in the thyroid (D). Scale bar = 75 μm.](gr6){#f0030}

![In situ hybridization validation of genes enriched in the thyroid and lung primordia at E10.5. A, B. Transducin-like enhancer of split 2. C, D. Claudin 3. E, F. Nephronectin. Sagittal sections. Scale bar = 75 μm.](gr7){#f0035}

![In silico validation of gene expression in the thyroid and lung primordia at E14.5 by semiquantification of transcript levels in publicly deposited images from automated in situ hybridization of mouse embryo sections (GenePaint database (Max Planck Institute, Hannover) ([@bb0340])). Genes from the TBEG and LBEG sets with a relative enrichment \> 10 in the primordia were analyzed. The graph shows the percentage of genes that show a strong expression in the organ buds, defined as a signal in the thyroid (red) or lung (blue) that is either the strongest in the embryo or stronger than that in the liver, heart, brain or mandibular mesenchyme. As a control, the same analysis was performed on 100 randomly selected genes (gray).](gr8){#f0040}

![Functional characterization of genes enriched in the developing thyroid and lungs (TLBEG). The graph shows high level (1 and 2) GO categories organized according to DAVID that are significantly enriched in the E10.5 thyroid and lung buds. The categories above the dotted line reach statistic significance (q-value 0.05).](gr9){#f0045}

###### 

Genes specifically enriched in the thyroid bud at E10.5 (TEGNoL). The 50 genes with the highest relative enrichment (fold change) as compared to expression in the whole embryo at the same stage are listed. Data are also shown for two genes with lower fold change that have been validated by in situ hybridization. Dark shading denotes genes where expression is validated by in situ hybridization (see [Fig. 3](#f0015){ref-type="fig"}). Light shading denotes genes for which previously published data show expression in the thyroid at E10.5--E11.5. For references, see [Supplemental information](#ec0005){ref-type="supplementary-material"}.

Genes specifically enriched in the thyroid bud at E10.5 (TEGNoL). The 50 genes with the highest relative enrichment (fold change) as compared to expression in the whole embryo at the same stage are listed. Data are also shown for two genes with lower fold change that have been validated by in situ hybridization. Dark shading denotes genes where expression is validated by in situ hybridization (see [Fig. 3](#f0015){ref-type="fig"}). Light shading denotes genes for which previously published data show expression in the thyroid at E10.5--E11.5. For references, see Supplemental information.
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###### 

Genes specifically enriched in the lung bud at E10.5 (LEGNoT). The 50 genes with the highest relative enrichment (fold change) as compared to expression in the whole embryo at the same stage are listed. Dark shading denotes gene where expression is validated by in situ hybridization (see [Fig. 3](#f0015){ref-type="fig"}). Light shading denotes genes for which previously published data show expression in the lung at E10.5--E11.5. For references, see [Supplemental information](#ec0005){ref-type="supplementary-material"}.

Genes specifically enriched in the lung bud at E10.5 (LEGNoT). The 50 genes with the highest relative enrichment (fold change) as compared to expression in the whole embryo at the same stage are listed. Dark shading denotes gene where expression is validated by in situ hybridization (see [Fig. 3](#f0015){ref-type="fig"}). Light shading denotes genes for which previously published data show expression in the lung at E10.5--E11.5. For references, see Supplemental information.
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###### 

Genes that are enriched in both the thyroid and lung buds at E10.5 (TLCEG). The 50 genes with the highest relative enrichment (fold change) as compared to expression in the whole embryo at the same stage are listed. Dark shading denotes genes where expression is validated by in situ hybridization (see [Fig. 3](#f0015){ref-type="fig"}). Light shading denotes genes for which previously published data show expression in either organ at E10.5--E11.5. For references, see [Supplemental information](#ec0005){ref-type="supplementary-material"}.

Genes that are enriched in both the thyroid and lung buds at E10.5 (TLCEG). The 50 genes with the highest relative enrichment (fold change) as compared to expression in the whole embryo at the same stage are listed. Dark shading denotes genes where expression is validated by in situ hybridization (see [Fig. 3](#f0015){ref-type="fig"}). Light shading denotes genes for which previously published data show expression in either organ at E10.5--E11.5. For references, see Supplemental information.
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